This study concerns the in-situ determination of the thermal resistance of a building wall. Measurements were performed in the PANISSE platform, which is a residential building with two floors located in the town of Villemomble, at about ten kilometers in the east of Paris. During a renovation, a 6cm-thick external insulating layer was fixed onto the cellular concrete walls of the house. Three methods using IR thermography were used to estimate the thermal resistance of the insulated walls. Results are compared to a standardized method (ISO 9869-1) that uses contact sensors. The comparison is made considering estimated thermal resistance values, measurement uncertainties and measurement duration.
INTRODUCTION
Infrared thermography is frequently used for building monitoring because of several advantages. It is a non-intrusive measurement method that leads to high spatial and thermal resolutions. Despite that, infrared thermography is not commonly used for quantitative diagnosis because of the difficulty to understand in details all the influence parameters of the thermal scene to be viewed 1 .
The non-destructive evaluation of thermal insulation of buildings can also be performed using global methods consisting for instance in monitoring temperature variation after a prior heating of the entire volume of the building (thermal relaxation method). Another approach consists in monitoring building temperature and consumptions during its use. However, these methods cannot be used during restoration works or during the construction of the building. Thus, construction companies cannot used these methods to control the quality of the insulation just after its installation. Therefore, the development of measurement methods of the thermal resistance of opaque building walls is the only way to estimate thermal performances of the building envelope at each step of a building life (construction, restoration, use). Such methods have to be developed in order to be applicable for in-situ measurements: portable device, low consumption, limited measurement duration…
Currently there is only one international norm that defines an in-situ measurement method of the thermal resistance of insulated building walls based on the use of contact sensors (thermocouples and heat flux sensors) 2 . However a new standard based on the use of infrared thermography is in preparation 3 . In literature, most studies involving passive infrared thermography in building monitoring leads to qualitative results. For example insulation defects are detected on building façades 4 or the influence of the measurement hour in the day is analyzed 5 . Only a few quantitative diagnoses by means of passive infrared thermography exist. A complete methodology based on the infrared thermovision technique has been developed to reach quantitative data of thermal transmittances of building envelopes 6 . However authors insist on the high influence of the measurement conditions (weather, managing of building by users, maintenance works, ageing of the building materials). Another interesting approach consists in investigating both visual and IR images in the same study 7 to yield a diagnosis of various façades with a significant reduction of the time analysis per evaluation.
The aim of this study is to compare three methods applicable for the measurement of thermal resistance of a building wall using infrared thermography. These methods uses the passive thermography approach. Results obtained will be compared to measurements performed using contact sensors accordingly to the ISO 9869-1 standard method. All experimental results were obtained on a residential building named PANISSE platform.
The paper will be structured as follows. In section 2, we will recall the principles of buildings insulation inspection using infrared thermography. Then, section 3 will be devoted to the description of the PANISSE platform and to the definition of the principle of measurement of the thermal resistance of a building wall. Finally, experimental results obtained will be presented and discussed in sections 4 and 5.
QUANTITATIVE IR THERMOGRAPHY APPLIED TO BUILDING INSULATION INSPECTION
In the passive mode, a thermographic inspection consists in observing a thermal scene including the wall considered and to record one thermogram or a sequence of thermal images. With this approach the computation of the absolute value of the wall surface temperature have to be done. The computation of this temperature requires the knowledge of several parameters such as the emissivity of the wall surface and the mean radiant temperature. Thus, additional measurements have to be performed simultaneously to this inspection, for instance an in-situ measurement of the wall surface emissivity with a portable emissometer 8 . It has been shown that small relative errors on these parameters can induce absolute errors on the wall surface of several degrees 9, 10 . After recording thermal images, the wall thermal resistance can be estimated using two methods. The simplest method consists in considering a mean value of the wall surface temperature and also a mean value of the heat exchange coefficient onto the wall surface. Considering a mean value of these parameters is equivalent to consider heat transfers inside the wall in steady-state regime. The second estimation method consists in comparing temperature variations of the wall surface temperature to predictions provided by a dynamic thermal model. Thermal modeling can be done in frequency domain for instance using the thermal quadrupoles method 11 or in time domain for instance using a numerical model. An inverse method can then be used to obtain an estimation of the wall thermal resistance. Both methods were investigated in this study. The steady state method was proposed by Kato et al 3 and is currently a project of international standard 12 . The dynamic method was developed by the CERTES laboratory 13 . Thermal resistance estimations obtained using passive IR thermography are highly sensitive to environmental parameters such as air temperature, heat exchange coefficient, temperature gradient between indoor and outside wall surface temperature. Besides, passive thermography cannot be used without a natural temperature gradient between indoor and outside temperatures.
The active thermography approach consists in heating the wall surface and to record a thermal image sequence during the heating and the subsequent cooling of the wall. A thermal model must be developed to give predictions of the wall surface temperature variations due to the heating source. The use of an inverse method allows obtaining an estimation of a thermal resistance. Active approach has some advantages. This method can be used whatever environmental or weather conditions since no thermal gradient between indoor and outside temperatures is required. This gradient is artificially created by the heating source. Moreover, the knowledge of the absolute value of the wall surface temperature is not required and the computation of surface temperature variations is less sensitive to environmental parameters. A specific device using active thermography for the determination of a wall thermal resistance was developed a few years ago in the CERTES laboratory 14 .
EXPERIMENTS

Presentation of the PANISSE platform
The PANISSE platform 15 is a residential building with two floors located in the town of Villemomble, at about ten kilometers in the east of Paris. It was built in the sixties and walls are made of cellular concrete. During a renovation in 2011, a 6cm-thick external insulating layer was fixed onto eastern, northern and western façades. Southern wall is a shared with a symmetrical house. Insulating material used is graphite expanded polystyrene. An air gap of about 1cm thick was kept between concrete wall and polystyrene layer. A schematic description of the wall structure is provided in Figure 1 . The house is a lived-in home and its terrace roof is not thermally insulated. In the northern façade, a garage is used as a thermal guard (see Figure 2) .
A weather station was installed on the building roof. This device provides several parameters: wind direction and speed, air temperature, relative humidity, atmospheric pressure, rainfall amounts. During renovation works, K-type thermocouples were fixed onto several positions of the three free façades: 3 onto the eastern façade, 1 onto the northern façade and 6 onto the western façade (see Figure 2 for details). For each position, one thermocouple was fixed between the polystyrene and façade coating layers and another one was fixed onto the external face of the cellular concrete wall, as presented in Figure 1 . Solar cells were fixed onto each of the free façades of the house and on the roof in order to measure the incident solar flux density on each façade. These solar cells were preliminarily calibrated by using a reference Kipp & Zonnen™ pyranometer. All sensors are connected to a National Instruments™ data acquisition device Inside wall surface temperature is not measured. However, Warito™ data-loggers are used to record relative humidity and air temperature in several rooms of the house with a sampling period of 10 minutes. These data-loggers are provided with a calibration certificate: uncertainties on temperature and relative humidity are of 0.12°C and 3% respectively. Configuration and recorded data downloading is performed periodically through a USB interface.
Some preliminary measurements were performed to characterize optical properties of the coating used on each façade. The solar flux absorption coefficient was in-situ determined using a home-made albedometer. This device is composed of two opposite solar cells calibrated with a pyranometer. The ratio of both reflected and incident fluxes gives the albedo of the façade surface. The obtained value of absorption coefficient is  = 0.37. In the same way, the emissivity of the façades coating was in-situ determined using a portable emissometer recently developed in the CERTES laboratory [8] .
The emissivity value in the 8-14 µm band is  = 0.93. 
Short description of methods used for the estimation of the wall thermal resistance
In steady-state regime, the thermal resistance R of an opaque building wall, is defined by:
This parameter allows to characterize and compare insulating materials used for building application. To estimate the thermal resistance of an opaque wall, it is necessary to measure inside and outside wall surface temperatures (namely Tsi and Tse) and the heat flux density q through the wall. This last parameter can be directly measured using a heat flux meter as proposed in the ISO-9869-1 standard. This standardized contact method will be considered as a reference in this study. Another way to estimate the heat flux consists in measuring the heat exchange coefficient h on the wall surface and both surface and environment temperatures to compute q value. This method is proposed in the ISO9869-2 standard. It is also possible to estimate the heat flux by using an additional material of known thermal resistance placed onto the wall surface: Seid method 16 . The last method used in this study was developed in the CERTES laboratory. The thermal resistance is identified using an inverse method from a sequence of thermal images recorded during several consecutive days.
EXPERIMENTAL ESTIMATIONS OF A WALL THERMAL RESISTANCE
Estimations using the ISO/DIS 9869-1 method
This standard defines a measurement method of the thermal resistance of an opaque building wall using contact sensors (temperature and heat flux sensors) 2 . Experimental conditions required and characteristics of the devices used are defined in this standard 2 . Two different data analysis methods are proposed to take into account the fact that heat transfers are not in steady-state regime. The annex B of the standard proposes a dynamic analysis of experimental data. This allows shortening experiments. The other analysis proposed consists in computing mean values of temperatures and heat fluxes measured. This second method was used in this study. In that case, the wall thermal resistance R is deduced from:
The experimental set-up must allow to measure at least two temperatures and one heat flux. In this study, we have chosen to perform four temperature measurements using two experimental devices each and three heat fluxes (see figures 3 and 4). The standard defines that all temperature and heat flux sensors fixed onto the wall surface have to be of identical radiative properties. Thus, all sensors used in this study were covered with the same adhesive tape. . Mean values computed from measurements performed during five consecutive days were then used for the estimations of the wall thermal resistance (see figure 4 and tables 1 and 2).
Estimations using the ISO/DIS 9869-2 method
The method proposed in this project of standard 12 consists in monitoring the indoor wall surface temperature using an IR camera during a period from 3 to 6 consecutive days. The length of the measurement depends on climatic conditions. Two additional devices must be placed in the thermal scene.
The first device is devoted to the measurement of the heat exchange coefficient on the wall surface (H-meter). A thin copper plate coated with a paint of known emissivity is heated on its rear side by using a heating film. The temperature of the copper plate has to be kept nearly constant between 3 and 10°C above the ambient temperature of the room. A heat flux sensor is fixed between the heating film and the copper plate (in the center part of the plate) to monitor the variation of the heat flux density q through the metallic plate. The rear side of this device is fixed onto an insulating material with a minimum thickness of 5 cm. We used in this study a piece of 6 cm-thick extruded polystyrene. The copper plate surface temperature Ths was monitored using a thermocouple and from IR thermograms data. The coating used is black paint (Nextel Velvet coating 811-21™) with an emissivity value of 0.97.
The second device is called Environment Temperature sensor. This device is also based on the use of a thin copper plate coated with the same coating. This plate is fixed onto an insulating material with low thermal inertia. In this study we used also a 6 cm-thick piece of extruded polystyrene. A thermocouple is used to measure the surface temperature of the copper plate. This temperature is equal to the indoor environment temperature Tni. The same device must be placed on the outside part of the wall to measure the outdoor environment temperature Tne. The heat exchange coefficient h is then obtained from:
This allows determining the heat flux Q through a surface A of the wall: (4) where TS is the wall surface temperature (obtained from IR thermograms). Then, it is possible to obtain the thermal transmittance U = 1/R of the wall: A schematic view of the experimental device is presented in figure 5 . An example of thermal image recorded is shown in figure 5 . Regions of interest (ROIs) 1 and 2 correspond to the center parts of the Environment Temperature sensor and of the H-meter respectively. Thus, mean temperature value in ROI 1 gives Tni value, whereas mean temperature in ROI 2 corresponds to Ths value. The uniformity of the surface temperature of the H-meter was checked: a maximum deviation of ±0.1°C on the surface was observed. Moreover, heat flux density variations observed during 3 days are limited to ±3%. ROIs 3 to 10 correspond to selected zones for the computation of the thermal resistance. Figure 6 presents the evolution of mean temperature for ROIs 3 to 10 during 3 days and thermal resistance estimations for these zones. 
Estimations using the Seid method
This method consists in fixing onto the wall to characterize an insulating material of known thermal resistance Rref before starting the measurements. The thermal resistance should be close to the one if the wall and this reference material must be placed in the thermal scene monitored by the IR camera. This method was proposed by D. Pajani 16 a few years ago and must be used only indoor. The thermal resistance of the wall R is deduced from the measurement of the apparent temperature of wall surface Tsi,app, of the apparent surface temperature of the insulating material TsRef,app used as a reference. An additional measurement of the environment temperature Tni is also required. Then, R value is obtained from:
The experimental set-up built-in for this experiment is shown in figure 7 . The reference material used is a piece of extruded polystyrene (Rref = 1,7 m 2 .K.W -1 ). IR thermograms were recorded during one day with a sampling period of 15 minutes. The obtained estimations of the wall thermal resistance are plotted on figure 7. Figure 7 . Seid method; experimental set-up (left) and wall thermal resistance estimations during one day (right).
Estimations using a the passive thermography approach
In this method, the wall thermal resistance is estimated from temperature measurements obtained on the wall outdoor surface using passive IR thermography. Experimental data are compared to data obtained from a 1-D numerical heat transfer model 13 . The wall thermal resistance is identified by an inverse method by performing a minimization of criterion S:
where Tmes and Testim are the measured and estimated temperatures respectively.  is the parameter vector to estimate. The minimization of S criterion was performed using the Levenberg-Marquardt algorithm 17 .
Fist of all, surface temperature measurements obtained by IR thermography must be corrected to take into account several parameters: wall surface emissivity, environment temperature, atmospheric transmittance 13 . A diffuse aluminum mirror of emissivity equal to 0.063 and a black surface (Nextel© Velvet Coating 811-21) of emissivity equal to 0.97 are fixed on the wall surface in the thermal scene observed by the IR camera 13 . A measurement campaign by infrared thermography was performed during 12 consecutive days in winter conditions. The camera used is a FLIR™ SC 7300 LWIR camera (7.7-9.2 µm) with a Stirling cooled detector of 320 x 256 pixels. A standard 25 mm lens was used. Thus, the IFOV value is 1.3 mrad. The camera was connected through an Ethernet interface to a portable computer. Images were recorded each 15 seconds during 12 days using the Altair™ software. The infrared camera and computer were placed inside a watertight enclosure (see Figure 8 ). This enclosure was installed in the garden of the house in order to observe the western façade. An example of thermal image recorded during a sunny day is presented in Figure 8 . Air temperature and relative humidity inside the enclosure were continuously monitored using a Warito™ data-logger. Data provided by some of the sensors installed on the PANISSE platform were used as complementary measurements: indoor and outdoor air temperature, solar heat flux. In-situ measured values of the wall surface albedo and IR emissivity are also used. The simplified heat transfer model used considers 1D heat transfers inside a homogeneous wall with unknown thermal resistance and capacity ( figure 8 ). This simplified model was chosen in order to test if the method could be applicable to situations where the structure of the wall is not a priori known. In fact, the wall thickness e is fixed and we estimate the value of the thermal conductivity  to further compute the thermal resistance value R = e/. The thermal resistance value estimated by this method is equal to 4.5 K.m 2 .W -1 . Figure 9 shows a comparison of experimental and simulated wall surface temperatures for a measurement duration of seven consecutive days. 
 / c p homogeneous wall t (days) Figure 9 . Simplified heat transfer model used for the thermal resistance identification (left); comparison of experimental data to simulation data during 7 days of measurement. 
DISCUSSION AND CONCLUSION
Estimated values of the thermal resistance of the building wall are reported in Table 3 . Mean values were computed for ISO and Seid methods. Uncertainties were estimated on the basis of temperature and heat flux measurement uncertainties and from standard deviations of estimated values of the thermal resistance. For the fourth method, statistical uncertainties on the identified value of the thermal resistance are estimated from the variance-covariance matrix taking into account the estimation residual norm and sensitivity coefficients. Expected value reported in Table 3 was estimated from properties and thicknesses of the wall components.
The ISO-9869-1 method allows obtaining values between 1.8 and 3.8 m 2 .K.W -1
. These deviations are greater than the ones expected from the standard (uncertainty of about 28%). Obtained values are depending on the device used and on the location of the measurement on the investigated wall. The ISO-9869-2 method allows to estimate the thermal transmittance U in the whole area of the investigated wall. However, obtained values are not in agreement with the expected value and uncertainties are greater than the ones observed for the method using contact sensors. This is due to the fact that the uncertainty on the estimated value of the heat exchange coefficient h grows dramatically for highly insulated walls. For the temperature difference between indoor and outdoor environment temperatures observed in this study, this uncertainty is about 100% 12 . Standardized methods used in this study are better adapted to the diagnosis of walls with a rather bad insulation. Moreover, the important dispersion on thermal resistance estimations are probably linked to the presence of longitudinal temperature gradients along the wall surface, due to the presence of 3D heat transfers. However, these method could estimate a mean U value taking into account edge effects. This can be perform only using methods based on a thermographic inspection.
The Seid method is a very simple one and requires a short measurement duration and only few additional material compared to the other ones. Forthcoming experiments are needed in order to determine the optimal conditions required for this method, for instance to determine the optimal value of the thermal resistance of the reference material. Finally, outdoor measurements performed by passive IR thermography leaded to an estimated value of the thermal resistance in quite good agreement with the expected value. Nevertheless, this method requires the longest measurement duration and also a lot of additional measurements and devices.
